Introduction
Nanofiber technology has been widely utilized for fabricating non-woven fibrous matrices in diverse fields such as fabrics, filters, and biomedical engineering (e.g., drug delivery systems, sensors, and tissue engineering scaffolds). 1 Particularly Nanofiber technology is a versatile one owing to various advantages that make it suitable for numerous applications, such as fiber diameter ranging from tens to thousands of nanometers, microporous structure, and high surface-to-volume ratio. Among the various fabrication techniques for producing nanofibers, electrospinning is considered a relatively simple and an efficient method. Various types of polymeric materials have been successfully used to fabricate electrospun nanofibers. [2] [3] [4] While fabrication methodology, basic physical and chemical characterization, and biological approach are the mainstream research topics related to nanofiber technology, studies on enhancing the mechanical properties of electrospun nanofibers should not be overlooked. Thus, the development of high-strength nanofibers via reinforcement strategies seems both necessary and challenging. Several studies on alignment techniques, micro/nanomesh composites, blending strategies using additives, and crosslinking with physical and chemical agents have been reported so far. [5] [6] [7] [8] [9] For improving the strength of fibrous structures, we drew inspiration from strong protein-based coatings found in marine mussels. Mussels secrete a bundle of threads called byssus for tethering themselves to marine substrata. [10] [11] [12] Individual byssal threads are covered by a thin proteinaceous coating layer to protect the thread from tough mechanical stress in marine environments. The protective coating on the byssal threads of mussels (Mytilus species) has gained considerable interest in the biomedical research fields owing to its extraordinary stiffness (comparable to that of epoxy resin) and excellent elongation properties (ε > ~70%). 13, 14 Thus far, the only known biomacromolecule in the protective coating on mussel byssal threads is a mussel adhesive protein (MAP) named type-1 (fp-1). fp-1 from Mytilus edulis consists of about 80 tandem repetitions of decapeptide [AKPSY*OO*TY*K], in which O, O*, and Y* denote trans-4-hydroxyproline (HyP), trans-2,3,cis-3,4-dihydroxyproline (diHyP), and 3,4-dihydroxyphenylalanine (DOPA), respectively. 15 It has been shown previously that the catechol moieties of DOPA in fp-1 form strong reversible bisand tris-catecholate complexes with Fe(III) ions having a log stability constant greater than 40. 16 Many recent studies have proved that the multiple bidentate complexes formed by Fe(III) and DOPA in fp-1 are mainly responsible for the mechanical co-existence of high extensibility and hardness in the byssal cuticle of Mytilus species. 17, 18, 19 Previously, we reported the successful fabrication of electrospun nanofibers by blending recombinant hybrid MAP fp-151 (rfp-151) with various types of synthetic polymers. 20 In particular, mixing rfp-151 with polycaprolactone (PCL) as a representative polymer model, which is an FDA-approved biodegradable polymer with proven biocompatibility, and has been used previously to fabricate electrospun 3-D nanoporous scaffolds employed in tissue engineering 21 , provided a 4-fold enhancement in the strength and stiffness compared to sole PCL nanofibers. In the present study, we fabricated electrospun composite nanofibers by using blends of PCL and a recombinant fp-1 (rfp-1), which was composed of 12 repeats of Mytilus fp-1 consensus decapeptides (AKPSYPPTYK) 18 , and investigated whether the mechanical properties of the nanofibers are influenced by the presence or absence of Fe(III) and DOPA complexes in DOPA-containing modified rfp-1 (mrfp-1) (Fig. 1) . 
Experimental
Preparation of DOPA-containing MAP. rfp-1 composed of 12 tandemly repeated decapeptides (AKPSYPPTYK) of fp-1 was produced using the Escherichia coli system, as previously reported. 18 Molecular mass of rfp-1 was about 13.6 kDa from the matrix assisted laser desorption ionization-time of flight mass spectroscopy (MALDI-TOF MS) analysis. Prior to electrospinning, tyrosine residues of rfp-1 were modified into DOPA by using mushroom tyrosinase (Sigma, St. Louis, MO, USA); 1.5 mg/mL of rfp-1 solution in modification buffer (100 mM sodium phosphate dibasic, 20 mM boric acid, and 25 mM ascorbic acid; pH 6.8) was reacted with tyrosinase (100 µg/mL) for 1 h and dialyzed with 1% acetic acid. The DOPA content in DOPA-containing modified rfp-1 (mrfp-1) was measured using a ninhydrin-based amino acid analyzer (S4300, SYKAM, Germany) after hydrolysis of mrfp-1 in 6 N HCl with 5% water-saturated phenol for 1 h at 156 °C.
Electrospinning of PCL/MAP nanofibers. A polymer solution was prepared by dissolving PCL (Sigma; Mn = ~80,000) and MAPs (rfp-1 and mrfp-1) at a concentration of 6 wt% in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP; Sigma). The PCL solution was blended with the rfp-1 solution to prepare a series of PCL/rfp-1 solutions with varying PCL:rfp-1 ratios of 100:0, 90:10, and 70:30. The solutions were electrospun using a 5-mL syringe with a needle diameter of 0.4 mm; the mass flow rate of the solutions from the syringe was 1 mL/h. A high voltage (13-15 kV) was applied to the tip of the needle attached to the syringe when the fluid jet was ejected. Random nanofibers were collected on a flat aluminum foil at a distance of 15 cm from the needle tip. All the electrospun nanofibers were vacuum-dried for at least 1 day to allow evaporation of any remaining solvents prior to use. For the fabrication of nanofibers containing Fe(III)-DOPA complexes, FeCl 3 was added to a mrfp-1 solution at a molar ratio of DOPA:Fe(III) = 3:1. This solution was mixed with a PCL solution, and the mixing ratio of PCL:mrfp-1 was adjusted to 70:30 before electrospinning.
Characterization of nanofibers. The morphology of the electrospun nanofibers was analyzed by scanning electron microscopy (SEM; JEOL JSM-7401F, Japan) at an accelerating voltage of 5 kV. The nanofibers were coated with gold via sputtering before the observations. The diameter of each nanofiber was measured from the SEM images by using image analysis software (Image J, National Institutes of Health, USA). The contact angle of the electrospun nanofibers was measured using a drop test method for determining the wettability of the nanofiber surface. A 5-µL water drop was applied to the nanofibers with a microsyringe. The contact angles were measured at intervals of 5 s by a charge-coupled device (CCD) imaging system (Surface and Electro-Optics). The tensile properties of the nanofiber mats were analyzed using a universal testing machine (INSTRON) with a 2-kN load cell and a crosshead speed of 5 mm/min under ambient conditions. At least eight rectangular samples of each nanofiber mat were prepared with dimensions of 10 mm × 25 mm; the thickness of the nanofiber mat was measured using a micrometer prior to the tests. To keep the nanofiber mats wet, they were immediately loaded in the device after immersion in each of the buffers. The stress and strain values were monitored until the nanofiber mats were torn.
Spectroscopy analysis.
For Raman spectroscopy analysis, a continuous laser beam was focused on the samples through a confocal Raman microscope (α300; WITec) equipped with a piezoscanner (Physik Instrumente). Raman spectra were collected with a Nikon objective (20×, NA=0.4) and a laser excitation wavelength of 532 nm. The Raman spectra for Fe(III)-incorporated PCL/mrfp-1 nanofibrous meshes immersed in each buffer (200 mM sodium acetate; pH 5.5, 200 mM trisHCl; pH 8.2, and 50 mM EDTA in acetate buffer; pH 5.5) were acquired with a CCD camera (DV401-BV; Andor) behind a spectrometer (UHTS 300; WITec) with a spectral resolution of 3 cm −1
. The samples were sensitive to burning by the laser beam; therefore, the laser power for all measurements ranged between 15 and 30 mW. ScanCtrlSpectroscopyPlus software (version 1.38, Witec) was used for the measurement setup whereas the acquired spectra were analyzed and processed with Witec Project Plus software (version 2.08). In order to obtain the spectra representative of the entire fiber, five spectra (2 s integration time each) were acquired at different positions of the fiber and averaged. Spectra were background subtracted (average background subtract function) and smoothed with a 9-point Savitzky-Golay filter (fourth order polynomial). The stoichiometry of DOPA-Fe(III) coordination was also monitored by UV-visible spectrophotometer (Mecasys, Korea) using a quartz cuvette with a path length of 1 cm. 0.1 mg/mL of mrfp-1 solution was used for the analysis.
Cytotoxicity validation of nanofibers. For cell culture experiments, the electrospun nanofibers were exposed to UV radiation for 2 h, and were washed thrice with phosphatebuffered saline (PBS) for 30 min each time before cell seeding. A mouse preosteoblast cell line, MC3T3-E1, was cultured in minimal essential medium-alpha (MEM-α; Hyclone) supplemented with 10% fetal bovine serum (FBS; Hyclone) and 1% penicillin/streptomycin (Hyclone) at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. The subconfluent cells were detached using 0.25% trypsin-EDTA (Hyclone), and the viable cells were counted by a trypan blue assay. The cells were seeded onto electrospun nanofibers that were placed in a 24-well plate, at a density of 5 × 10 4 cells per well, and cultured for further analysis. The morphology and viability of the cells were imaged using a live/dead cell staining kit (Invitrogen). After 3 days of cell seeding, live cells were stained by 2 µM calcein AM (green) and dead cells were stained by 4 µM ethidium homodimer-1 (red) for 30 min; the stained images were then observed using a fluorescence microscope (Leica). Further, to quantify cell viability on each nanofiber, after cell seeding for two different periods of 1 h and 3 days, mediums containing the samples were treated with CCK-8 (Dojindo) reagents and incubated for 2 h at 37°C in a humidified atmosphere of 5% CO 2 . Aliquots of each sample medium were collected in a 96-well plate to measure the absorbance at 450 nm. All experiments were performed in triplicates to test for cell viability.
Results and discussion
Fabrication of composite nanofibers using PCL and rfp-1. fp-1 is the only known biomacromolecule in the tough and extensible coating on mussel fibers. 15 We used recombinant fp-1 (rfp-1) to enhance the mechanical properties of PCL nanofibers by mimicking the mussel coating. With the help of recombinant DNA technology employed for the high-yield production of MAPs in an E. coli system, 18, 22 we obtained a sufficient amount of rfp-1 proteins for electrospinning. Since rfp-1 is highly solubilized in HFIP, 6 wt% of an rfp-1 solution was easily prepared and electrospun nanofibers were successfully fabricated under typical electrospinning conditions by using 6 wt% PCL and rfp-1, mixed in various ratios of 100:0, 90:10, and 70:30. As we had observed in a previous report, 20 we could not find any dissolvation or release of MAPs as well as any morphological collapse of nanofibers after its exposure to aqueous solutions for 3 days. At each mixing ratio, the structure and morphology of the electrospun nanofibers were observed by SEM (upper panels in Fig. 2a) . At all the three ratios, homogeneous fibrous morphologies with diameters of ~200 nm (Table 1) and hardly any bead formations were observed. The fiber diameter was found to be constant regardless of the concentration of rfp-1 in PCL/rfp-1 nanofibers. Normally, ribbon-shape formation and thinness of electrospun fibers are the representative evidences of uneven blending component distribution. 23 However, our PCL/rfp-1 nanofiber does not have ribbon-shapes but has more of round-shaped fibers. Additionally, we could not observe any wrinkles in the skin of our round-shape PCL/rfp-1 nanofiber, which also indicates skin formation. 23 This may be due to the low concentration (6 wt%) of the spinning solution, the similar solubility between PCL and rfp-1 in HFIP, and the relatively thin fiber diameter (200-300 nm). Therefore, it is more likely that the two blending solutes spread evenly rather than towards a surface direction. Moreover, the surface of the nanofibers was homogenous, indicating that the rfp-1 and PCL were mixed well in the nanofibers. To determine whether incorporated rfp-1 would be well exposed on the surface of the composite nanofibers, water contact angles were measured (Fig. S1 †) . The results revealed that the contact angle gradually decreased according to the rfp-1 concentration, which might be attributed to the hydrophilic residues of surface-exposed rfp-1. Increasing the hydrophilicity will be beneficial for general biomedical applications of these nanofibers. [24] [25] [26] 
Fig. 2 (a) SEM images of PCL/MAP composite electrospun nanofibers with various mixing ratios of PCL and rfp-1 blends (upper panels) and Fe(III)-incorporated nanofibers (lower panels). The scale bar represents 2 µm. (b) Resonance Raman spectroscopic analyses of Fe(III)-incorporated PCL/mrfp-1 nanofibers immersed in various buffers with different pH values and in an EDTA solution.

Fabrication and identification of composite nanofibers containing Fe(III)-DOPA complexes.
To mimic the mussel protective coating, crosslinks formed using Fe(III)-DOPA complexes were introduced to enhance the mechanical properties of the PCL/rfp-1 nanofibers. Prior to electrospinning with PCL, tyrosine residues of rfp-1 were converted into DOPA residues via an enzymatic reaction with mushroom tyrosinase in vitro, 27 and it was determined that ~8 mol % of the total amino acids (~37% of total tyrosine residues) in rfp-1 were converted into DOPA molecules (Fig. 3) . FeCl 3 was directly added to a solution containing 6 wt% of mrfp-1 dissolved in HFIP with a DOPA:Fe(III) molar ratio as 3:1 before electrospinning process. The color of the FeCl 3 -added solution turned dark purple without any precipitation, implying that the complexation of Fe(III) and DOPA had occurred. [16] [17] [18] [19] 28 The absorbance around 560 nm (purple) of the FeCl 3 -added solution stiffly increased after the addition of Fe(III) and reached a plateau within 10 min, indicating that the formation of Fe(III)-DOPA complexes saturated within 10 min.
Electrospinning was carried out for the successful fabrication of fine nanofibers by using FeCl 3 -added mrfp-1 with PCL at PCL:mrfp-1 weight ratios of 9:1 and 7:3 (Fig. 2a) . The diameter and morphology of Fe(III)-incorporated mrfp-1 nanofibers were not notably different from those of rfp-1 nanofibers. Interestingly, we observed that the color of the nanofiber mat changed according to the pH of the immersing buffers (Fig. 1) . Previously, it has been shown that the three binding states of Fe(III)-DOPA complexes, namely, mono-, bis-, or tris-, are controlled by the buffer pH and DOPA:Fe(III) molar ratio. Because the Fe(III) concentration was fixed to maintain an DOPA:Fe(III) molar ratio as 3:1 in mrfp-1, the binding state of the Fe(III)-DOPA complexes was governed solely by the pH of the buffer in which the electrospun nanofiber mat was incubated. [16] [17] [18] [19] 28 Further, the maximum absorbance of the respective complex, as determined using a spectrophotometer, was observed at around 500 nm (pink) and around 560 nm (purple), assigned to tris-and bis-, respectively (Fig. S2 †) . 16 The Fe(III)-incorporated PCL/mrfp-1(70:30) nanofiber mat fabricated in this study immediately showed a purple color when immersed in a sodium acetate buffer (pH 5.5) and this color changed to pink in the tris buffer (pH 8.2). Further, the color changed reversibly when the opposite buffer pH change occurred. In addition, when the color-changed nanofiber mat was immersed in an EDTA solution (pH 5.5), the colors disappeared in a few seconds and could not be recovered by immersing the nanofibers in higher buffer (pH 8.2) (Fig. 1) . Presumably, Fe(III) was removed from the DOPA molecules in the nanofibers by EDTA. It has been reported that EDTA in a pH 5.5 buffer could steal iron and calcium ions from a mussel byssal cuticle or fp-1 in the cuticle, thereby resulting in significant reduction in mechanical hardness. 17, 29 Thus, our results indicate that the unique color change might have been due to the Fe(III)-DOPA complexes that were stably incorporated in the nanofibers. Fig. 3 Amino acid composition analysis quantifying the modification yield of mrfp-1. DOPA modification yield can be evaluated using the calculated composition ratio of tyrosine and DOPA. Theoretical composition is calculated on the basis of the rfp-1 sequence (AKPSYPPTYK) 12 . The experimental composition of other amino acids in rfp-1 showed a tendency similar to that shown by the theoretical composition.
Resonance Raman spectroscopic analysis was employed to gather further chemical evidence for the existence of Fe(III)-DOPA complexes in the nanofibers (Fig. 2b) . The absorption by Fe(III)-DOPA complexes in the visible spectral range can be utilized to produce resonance Raman spectra by using the laser line that falls in the range of the characteristic absorption band. In this study, a green laser (532 nm) was used and Raman spectra characteristic of typical Fe(III)-DOPA coordination bands, namely, bidentate Fe-catechol (550, 587, and 636 cm ), were obtained. 17, 19, 30 At a high pH value (pH 8.2), a significant increase in the resonance signal intensity was observed, suggesting more tris Fe(III)-DOPA coordination. 31 Notably, the intensity of the Raman spectra dramatically decreased for Fe(III)-DOPA complexes in EDTA-treated nanofibers. We calculated the amount of Fe(III)-DOPA complexes in a single nanofiber molecule by calculating the peak area corresponding to Fe(III)-DOPA complexation and dividing it by the area corresponding to CH stretching (Fig. 4a) . Interestingly, the relative amount of Fe(III)-DOPA complexes in the nanofiber increased at higher buffer pH values, implying that the formation of DOPA involved in the complex increased at higher pH values. Collectively, it was clearly demonstrated that the incorporation of Fe(III)-DOPA complexes in the mrfp-1-based electrospun nanofibers fabricated in this study could be successfully achieved, and that the stoichiometry of Fe(III)-DOPA complexes could be controlled by buffer pH conditions. Interestingly, the pH of the tris Fe(III)-DOPA complex, toward which the pH shifted in this study, is almost similar to the actual pH of marine environments (pH ~ 8.2). Therefore, the artificial fibrous structure containing Fe(III)-DOPA complexes fabricated in this study might be a good model for further research on marine mussel byssus. Mechanical reinforcement of composite nanofibers mediated by Fe(III)-DOPA complexes. Next, the contribution of Fe(III)-DOPA complexes to the mechanical properties of the fabricated electrospun nanofibers was investigated. Tensile strength, elongation, and Young's modulus of the nanofibers were calculated from the obtained stress-strain curves for each nanofiber mat. As we expected from the previous results using electrospun nanofibers based on hybrid rfp-151, 20 simple addition of unmodified rfp-1 into the PCL nanofiber changed the mechanical properties to be more rigid and stiff compared to the soft and flexible sole PCL nanofiber (Table 1) . Its tensile strength and Young's modulus were the highest at a certain mixing ratio (PCL:rfp-1 = 90:10), while elongation dramatically decreased as rfp-1 concentration increased. Particularly, the composite nanofiber of PCL/rfp-1(90:10) showed tensile strength value 5-times higher than that of sole PCL nanofiber. The mechanical reinforcement via incorporation of rfp-1, which has been demonstrated by similar trends reported in other studies using gelatin, collagen, and MAP (hybrid rfp-151), might be attributed to increased crystallinity and tight interaction between the molecules in composite nanofibers. 8, 20, 32, 33 In addition, further mechanical reinforcement of the PCL/rfp-1 composite nanofibers was achieved using the Fe(III)-DOPA complexation strategy (Fig.  4b,c,d) .
In order to evaluate the effect of Fe(III)-DOPA complex stoichiometry on the mechanical behavior of the fabricated nanofibers, tensile tests were carried out immediately after immersing the nanofibers in each of the buffers with different pH values. The nanofibers immersed in higher-pH buffers showed higher tensile strength and Young's modulus. Moreover, the Fe-DOPA peak area values divided by the CH stretching area values obtained from the resonance Raman spectroscopic analysis, in which the normalized concentration of the Fe(III)-DOPA complexes in the nanofibers was used, closely correlated with the tensile strength and Young's modulus of the nanofibers (Fig. 4) . EDTA treatment of the nanofibers significantly degraded their tensile properties and reduced Raman signals corresponding to the Fe(III)-DOPA complexes in the nanofibers (Fig. 2b) . These results indicate that the extent of augmented crosslinking between Fe(III) and DOPA might be a major reason for enhancement in the hardness of the nanofibers. Meanwhile, Fe(III)-DOPA complexes in the nanofibers did not affect their stretchability (Fig. 4b) . In addition, to check the reversibility of Fe(III)-DOPA stoichiometry depending on pH changes which can affect the mechanical properties of the nanofibers, we sequentially immersed the nanofiber mats in buffer pH 5.5 and pH 8.2, from pH 8.2 to pH 5.5, and then reversely from pH 5.5 to pH 8.2. As expected, tensile strength and modulus of the nanofiber mats immersed in pH 8.2 decreased when placed in pH 5.5 buffer. Moreover, the decreased strength and modulus recovered again after changing back to pH 8.2 buffer. The observed changes in mechanical strength due to pH variation adds support to Fe(III)-DOPA complexation taking the main role in mechanical reinforcement (Fig. S3 †) .
Recently, it has been reported that metal-infiltration improves the mechanical properties of load bearing biomacromolecules, suggesting that simple addition of Fe(III) could improve the mechanical properties of fibrous materials. 34, 35 In addition, DOPA alone could enhance stiffness of the fibrous materials by undergoing a variety of crosslinking reactions with nearby available functional groups in neutral and basic pH. 36, 37 To identify whether Fe(III) or DOPA each independently affect the mechanical properties or not, control experiments were conducted using rfp-1 nanofibers with and without Fe(III), and mrfp-1 nanofibers without Fe(III). Indeed, Fe(III) or DOPA each enhanced the Young's modulus and tensile strength but the improvement in the mechanical properties due to Fe(III) or DOPA alone was much less than the improvement due to Fe(III)-DOPA complexes (Table 2 ). In basic pH (>8.2), PCL/mrfp-1 nanofiber mat containing DOPA without Fe(III) had similar Young's modulus to PCL/mrfp-1 nanofiber mat containing Fe(III)-DOPA complexes but the DOPA containing nanofibers without Fe(III) showed lower tensile strength than that of the nanofibers with Fe(III) ( Table  S1 †) .
It has been reported that the byssal cuticle of mussels (Mytilus species) has high strength and flexibility. 13 These mechanical properties seem to be due to diverse chemical compositions such as DOPA-DOPA covalent coupling, DOPAthiol bonding, cation-π interaction, and metal-DOPA chelation, as well as structural aspects such as the secondary structure of mussel cuticle proteins in the cuticle and a granules-embedded cuticle structure with high density of metal-DOPA complexes. 13, 14, 17, 38, 39 Of these, DOPA can modulate mechanical properties of the cuticle via two pathways: 1) covalent and 2) coordinative crosslinking. Covalent crosslinking by DOPA oxidation in basic pH is quick and robust, but uncontrollable after the crosslinking reaction. In contrast, coordinative crosslinking by DOPA-metal ion complexation could be controlled by surrounding conditions (e.g., pH, type and concentration of metal ions). In addition, coordinative crosslinking by DOPA-metal ion complexation is reversible, self-healable, and has bonding energy which approaches half of that of covalent bonds. 10, 16, 18, 28, 40, 44 Therefore, the use of covalent bonds alone cannot maximize the benefit of DOPA-mediated adhesion; reinforcement with DOPA-metal ion complexation which provide reversibility is necessary for a functional biomaterial. Although the mechanical effect of simple crosslinks between Fe(III) and DOPA and was the focus of this work, the newly developed rfp-1-based nanofibers containing Fe(III)-DOPA complexes and partial amino acid sequences of natural MAP fp-1 have potential to be investigated for further physical and structural mussel-mimetic studies. 
